The alignment system for the National Ignition Facility's neutron imaging system [1] [2] [3] [4] [5] has been commissioned and measurements of the relative stability of the 90-315 DIM, the front and the back of the neutron imaging pinhole array and an exploding pusher target have been made using the 90-135 and the 90-258 opposite port alignment systems.
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I. Introduction
The neutron imaging system (NIS) at the National Ignition Facility (NIF) is designed to capture a 2-D image of the source distribution of neutrons from imploding inertial confinement fusion capsules. While in the simplest sense the neutron imager is simply a pinhole camera in which an aperture is used to define an image at a plane, since neutrons penetrate materials far more than photons do in optical pinhole cameras, a neutron imager requires significantly thicker pinholes, which drives strict alignment requirements.
In the case of the NIF NIS, the aperture is an array of pinholes in 20-cm of gold as shown in Figure 1 . The triangular pinholes are single-sided tapers, which are created by scribing triangular grooves in gold layers within the assembly, and have 5-µm openings (height of triangle) at the front of the pinhole and 226-µm openings at the back of the pinhole. The mini-penumbral pinholes are 273-µm in diameter at the front surface of the array and 437-µm in diameter at the rear surface of the pinhole array. The high aspect ratio of these holes combined with issues related to image reconstruction algorithms produces the strict alignment requirements, which are positioning the front of the pinhole to within ±25 µm in x and y from a line from the source to the center of the scintillator (line of sight 90-315, see Figure 2 ) used to detect the neutrons, pointing of the back of the pinhole to within 60 µradians of that line and placing the pinhole at a known distance from the source in the z-direction to within ±250-µm.
While these requirements have been temporarily loosened (±50 µm in x & y and ±1-mm in z) for the initial imaging campaigns, achieving alignment and holding alignment requires high stability of the diagnostic insertion module (DIM) on the 90-315 line-of-sight (LOS), the pinholes mounted on the 90-315 DIM, the target and the opposite port alignment system (OPAS) cameras on the 90-135 and 90-258 lines of sight.
As part of the NIS alignment commissioning, tests of the xy-alignment stability and angular stability of the pinhole array were included and, due to a shot delay, extended for a full twelve hours. In this report, we describe the stability tests and their results. Over a twelve-hour period, the relative x-y stability of these parts was found to be within ±18 µm rms when using manual methods for tracking the position of the objects. (A portion of this range must be attributed to expected inconsistencies in any individual's ability to reproducibly determine feature locations within an image.) For highly visible features, use of basic particle tracking techniques found that the front of the pinhole array was stable relative to the 90-135 OPAS camera to within ±3.4 µm rms. Video image recording of the specular reflection of an alignment laser (NILAD, please see section V for details) from a mirror mounted on the back of the pinhole array, and nearly perpendicular to the axis of the array, indicated angular stability better then 36 microradians. Reregistration, however, of the OPAS cameras themselves using the target alignment sensor (TAS) was found to change the expected position of target chamber center (TCC) by 194 µm. Thus while the NIS system was determined to be sufficiently stable relative to the OPAS cameras and the target, the potential position of the target placement could be far outside the tolerances for NIS. To deal with this problem, the alignment sequence was changed to include a final alignment of the NIS pinhole to the target after the final target positioning.
II. NIS Alignment System
Aligning the NIS pinhole array requires careful metrology of all of the components, as well as rough positioning and fine positioning of the assemblies. The initial rough positioning was achieved using a removable pointer that had been metrologized such that placing the 6-mm diameter ball at its' tip at TCC sets the initial z-position to within the 750-µm pixel size of the CIVS cameras and places the pinhole array to within the travel range of the picomotor stack ( Figure 3 ) that is used perform the fine alignment of the front and back of the pinhole. The fine alignment is achieved using the front mini- 
III. Initial Stability Measurements using the OPAS cameras a. Setup
To measure the stability of the system, the NIS DIM cart was placed at its rough alignment position with the front face of the pinhole at 32.5 cm from TCC with the attached blast shield opened so that assembly components would be visible. The CIVS lights were used to illuminate the front fiducials of the pinhole array and the OPAS 90-135 illuminator was turned on to illuminate the rear fiducials of the pinhole array. The OPAS was registered to TCC using the TAS. The TCC registration pixel position on OPAS 90-135 was (3932, 2932). The 1.5-mm diameter exploding pusher target was then inserted near to TCC.
In this study, we obtained images of the fiducials and mini-penumbral pinholes on the front of the pinhole array ( Figure 4 ) and the fiducials at the back of the pinhole array ( Figure 5 ). We also used the 90-135 OPAS camera to obtain images of the a bolt hold on the NIS blast shield mount that is used for rough alignment (Figure 6 ) and the 90-135 and 90-258 OPAS cameras to obtain images of the exploding pusher target (Figures 7 and 8 
b. Initial analysis
The initial x-y analysis of the stability data was performed manually by placing circular regions of interest around the target features and finding the centroid of the circle. These results are shown in Table 1 
IV. Additional analysis of the OPAS-based data sets
While the results above are excellent, additional analysis of the data could be done on the front and rear fiducials of the pinhole array and the rough position of the DIM Cart, and we wanted to find more accurate and automated methods of analysis than simply placing a circle on the desired target and finding the centroid.
a. Measurement of the front fiducial locations
Because the mini-penumbral pinholes were visible at the front of the pinhole, which had not been a given when planning the experiment, they were used for the initial alignment in preference to the pre-designed front fiducials. The bead-blasting method used to produce the front fiducials on the black anodized surface of the fiducial plate, however, provides bright, high-contrast fiducials. The contrast of the fiducials makes it simple to apply techniques from particle tracking to observe the stability of the pinhole array. The method chosen here was to use ImageJ to make a binary image from the raw images, to define regions of interest for each fiducial and allow the program to determine the center of mass position of each fiducial for each measurement.
This method has the advantage that the center of mass of the binary image is virtually independent of the region of interest chosen for the measurement. In Figure 9a Since the three fiducials are hard mounted to the front of the pinhole, it is also expected that the motions of the pinhole should be highly correlated.
b. Mini-penumbral pinhole positions
The positions of the minipenumbral pinholes on the front of the pinhole body are visible on the front of the pinhole body as can be seen in We note that the data sets for the front fiducials and the minipenumbral pinholes essentially constitute a characterization of the locations of the fiducials relative to the pinholes. While the apparent positions might change slightly due to changes in lighting, the lighting levels in the chamber were adjusted extensively during the course of the experiment, which is apparent from images of the exploding pusher target in particular, and as long as the contrast is maintained, changes in position due to lighting appear to be minimized by the flatness of the front face of the pinhole.
c. Rear fiducial positions
While purely manual measurement of the position of the fiducials at the rear of the pinhole ( Figure 5 ) is possible and yields similar ±1 pixel results to all the other manual measurements in this report, more automated measurement of the rear fiducials proved to be significantly more difficult than measuring those at the front due to lower contrast and poorer lighting conditions, including multiple reflections of the fiducials in the center of the image that frequently actually overlap the primary observed fiducial locations. The latter effect is visible on the lower right fiducial in Figure 5b . For future attempts to automate the measurement of the rear fiducials, a procedure to set and control the lighting will be required. Investigation of the means to reduce the reflections in the center of the images may also prove useful.
d. Target position using 90-135 OPAS and 90-258 OPAS
While we did attempt to automate the measurement of the target position from the 90-135 and 90-258 OPAS images, the inherent low contrast and the significant changes in the bright spots that occurred due to changes in the chamber illumination prevented any particular success. The results were similar to the manual measurements discussed in Section III. It is possible that additional image processing or careful control of the chamber lighting would allow more accurate measurements in the future, but it was determined that at this point no additional attempts at either data analysis or obtaining a better data set were warranted.
e. Rough alignment bolt hole fiducial position
Because the bolt-hole fiducial (Figure 6b ) that is used for rough alignment is not designed to be insensitive to illumination conditions, we found that the position was quite sensitive to the chamber illumination. Tracking the position by inverting the image and making it binary, we found that the mean (x,y) position was (6033.62, 3356.52) pixels with standard deviations of (8.3, 13.2) pixels. At this position a pixel is ~17 µm, so this represents deviations of (140.5 µm, 224.6 µm), which is sufficient for rough alignment but inadequate for fine system alignment, which is required for data collection. We note, however, that if two images with unusually low lighting are removed, the mean position changes to (6037.5, 3362.56) pixels with standard deviations of (0.33, 0.85) pixels, and more accurate measurements could be made.
V. Pointing stability measurements using NILAD
The low-power, eye-safe 532-nm laser system known as the NILAD, which is mounted in the neutron-imaging annex, allowed another measurement of the stability of the pointing of the pinhole towards the scintillator array. The laser is pointed from the annex and reflected from a mirror mounted on the back of the pinhole array assembly. Since the mirror is aligned nearly normal to the axis of the pinhole array, the beam reflects back to the annex where it can be seen on a screen using a CCD camera as shown in Figure 12 .
For the measurement, we obtained fifteen sets of twelve images over the same twelve hours during which we made the previous measurements. We analyzed the images by performing a background subtraction based on all the images to remove the grid from the images. Making binaries of the images was not required since the contrast after background subtraction was excellent. A circular region of interest encompassing all the spot positions was set, and ImageJ was used to automatically calculate the center of mass for all the images. The standard deviation of the mean position of the spots was 0.20 mm in x and 0.20 mm in y. At this position, this corresponds to 7.8 µradians and 7.8 µradians in x and y, respectively. Using the 3.4 µm stability of the pinhole found in Section IVa for both front and back of the pinhole and assuming that the deviations are in opposite directions for the front and back of the array, which is an extreme assumption, would indicate that the maximum angular deviation should be less than 36 µradians rms in x and y, so this result is consistent with the observed stability using the OPAS to monitor the pinhole. We note that the maximum observed radial deviation from the mean position was 1.01 mm, which corresponds to 39 µradians.
VI. Conclusions
The alignment system for the National Ignition Facility's neutron imaging system has been commissioned and measurements of the relative stability of the 90-315 DIM, the front and the back of the neutron imaging pinhole array, and an exploding pusher target have been made using the 90-135 and the 90-258 opposite port alignment systems. Over a twelve hour period, the relative stability of these parts was found to be excellent, within ~ ±18 µm rms, even when using manual methods for tracking the position of the objects.
For highly visible features, such as the pinhole front fiducials and the mini-penumbral pinholes, use of basic particle tracking techniques found that the front of the pinhole array was stable relative to the 90-135 opposite port alignment camera to within ±3.4 µm rms. Reregistration, however, of the opposite port alignment systems themselves using the target alignment sensor was found to change the expected position of target chamber center by up to 194 µm.
For future alignment of the NIS system, it will be necessary to align to the finally aligned target position until the OPAS registration position issue is understood. Other possible improvements include improved lighting and consequent observed contrast for the rear PHA fiducials and more careful control of lighting. X. Tables XI. Table Captions   Table 1 Initial manual measurements of the stability of the center mini-penumbral pinhole (PHA Front) and the exploding pusher target on the 90-135 and 90-258 OPAS cameras. One pixel is 17 µm at the target and 18 µm at the front of the pinhole array. The standard deviations for all the data sets are less than 1 pixel, which is probably set by the ability of the operator to choose region of interest for the measurement.
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